Aims Fine root decomposition is an important determinant of nutrient and carbon cycling in grasslands; however, little is known about the factors controlling root decomposition among species. Our aim was to investigate whether interspecific variation in the potential decomposition rate of fine roots could be accounted for by root chemical and morphological traits, life history and taxonomic affiliation. We also investigated the co-ordinated variation in root and leaf traits and potential decomposition rates. † Methods We analysed potential decomposition rates and the chemical and morphological traits of fine roots on 18 Mediterranean herbaceous species grown in controlled conditions. The results were compared with those obtained for leaves in a previous study conducted on similar species. † Key Results Differences in the potential decomposition rates of fine roots between species were accounted for by root chemical composition, but not by morphological traits. The root potential decomposition rate varied with taxonomy, but not with life history. Poaceae, with high cellulose concentration and low concentrations of soluble compounds and phosphorus, decomposed more slowly than Asteraceae and Fabaceae. Patterns of root traits, including decomposition rate, mirrored those of leaf traits, resulting in a similar species clustering. † Conclusions The highly co-ordinated variation of roots and leaves in terms of traits and potential decomposition rate suggests that changes in the functional composition of communities in response to anthropogenic changes will strongly affect biogeochemical cycles at the ecosystem level.
INTRODUCTION
The decomposition of plant tissues is a key process in terrestrial ecosystems, as it regulates the release of carbon (C) and nutrients in the soil (Berg and Laskowski, 2006) and constitutes a major source of atmospheric CO 2 (Gholz et al., 2000) . Fine root decomposition may account for up to 53 % of total plant tissue turnover (Gill and Jackson, 2000) , but only 2 % of studies on plant decomposition have focused on roots (Zhang et al., 2008) , and the factors playing a critical role in the determination of root decomposition rate among species have not yet been clearly identified.
Among three major types of factor influencing plant decomposition (i.e. climate, edaphic factors and litter quality), root quality, which is often assessed by determining chemical composition, has been reported to be a major factor determining root decomposition rates (Heal et al., 1997; Silver and Miya, 2001; Zhang et al., 2008; Prescott, 2010) . In most studies, root decomposition has been shown to be favoured by high concentrations of nitrogen (N) (Silver and Miya, 2001; Vivanco et al., 2006) and soluble compounds (Hobbie et al., 2010) in the roots and to be decreased by a high root lignin concentration or a high C/N ratio (Silver and Miya, 2001 ). Other root characteristics, such as root order and pigmentation, have recently been reported to influence root decomposition (Fan and Guo, 2010; Goebel et al., 2011) . The effect of root morphology on decomposition rates has seldom been investigated. This is surprising given that the morphological traits of roots, particularly those determining the length of root produced per unit of root mass [i.e. specific root length (SRL)], and its two components, diameter and tissue density, are thought to influence decomposition, because they determine the exchange surface between the root and soil decomposers, together with root toughness and tensile strength (Pohl et al., 2011) . Strong relationships have also been found between leaf litter decomposition and leaf morphological traits, such as specific leaf area (SLA) and leaf dry matter content (LDMC; Gallardo and Merino, 1993; Cornelissen, 1996; Cornelissen and Thompson, 1997; Kazakou et al., 2006; Cornwell et al., 2008; Fortunel et al., 2009; Kazakou et al., 2009) . Root morphology and chemistry differ widely between species (Craine et al., 2001; Roumet et al., 2006; Pohl et al., 2011) , so we expected to find extensive interspecific variation in root decomposition rates. Our first objective was thus to assess the effects of root chemical composition and morphological traits on root decomposition.
Comparative studies based on leaves have shown that the variation in leaf decomposition rate is associated with functional or phylogenetic groups and with the ecological strategy employed by the species for carbon acquisition and growth (Cornwell et al., 2008) . Among herbaceous species, the leaves of forbs have been shown to decompose more rapidly than those of graminoids, and those of N-fixers have been shown to decompose more rapidly than those of non-N-fixers (Cornwell et al., 2008) . On the other hand, Wardle et al. (2004) hypothesized that species with resource acquisition strategies, such as rapidly growing species and annuals, produce high-quality tissues favouring soil food web activities and, thus, rapid decomposition, whereas species with resource conservation strategies, such as slowgrowing and perennial species, produce long-lived, nutrientpoor, recalcitrant tissues that decompose slowly. This hypothesis has been confirmed for leaves (Cornelissen, 1996; Wardle et al., 1998; Kazakou et al., 2006; Cornwell et al., 2008; Kazakou et al., 2009) , but remains to be tested for roots. The second objective of this study was therefore to investigate whether root decomposition rates differ between taxonomic groups and between annual and perennial species, and to determine whether the decomposition rate is part of the acquisition -conservation trade-off.
The possibility that root and leaf traits are subject to the same trade-offs is a topical issue in plant ecology since roots and leaves would have a major, cumulative impact on ecosystem functioning (Tjoelker et al., 2005; Kerkhoff et al., 2006; Withington et al., 2006; Freschet et al., 2010a; Hobbie et al., 2010; Liu et al., 2010) . There is some evidence in favour of co-ordinated variation of root and leaf traitssuch as for N and phosphorus (P) concentrations, two important traits for decomposition (Kerkhoff et al., 2006; Reich et al., 2008) . For other pairs of traits, such as root and leaf morphology, and lignin concentration, the results obtained to date are fragmented and partly inconsistent. Few relationships have been demonstrated between leaf and root decomposition, and those that have been described relate to only a few species, mainly trees (Hobbie et al., 2010; Wang et al., 2010; Freschet et al., 2011) . Co-ordinated variation of root and leaf decomposition rates together with a large number of chemical and morphological traits have never been investigated in herbaceous species. Our third objective was therefore to investigate the possible existence of correlated groups of leaf and root traits and decomposition rate as part of plant resource economy in herbaceous species.
In this study, we compared the potential decomposition rates of fine roots -the rates of decomposition measured under standard conditions -of 18 Mediterranean herbaceous species. We studied annual and perennial species from contrasting plant families (Asteraceae, Fabaceae, Lamiales and Poaceae), to include a large range of traits (Craine et al., 2001; Roumet et al., 2006 Roumet et al., , 2008 . We measured fine root potential decomposition rate, and ten chemical and morphological root traits, and compared the results obtained with analogous data for leaves obtained for the same species in a previous study (Kazakou et al., 2009) .
We hypothesized that (1) the contribution of fine root morphology to differences in potential decomposition rates between species would be almost as great as that of chemical composition; (2) the fine roots of annual species (resource acquisition strategy) would decompose more rapidly than those of perennial species (conservation strategy); and (3) root traits and decomposition patterns would mirror those of leaves and would contribute to the acquisition-conservation trade-off.
MATERIALS AND METHODS

Species and plant growth
Eighteen herbaceous species representative of plant communities from French Mediterranean old-field succession were studied (Garnier et al., 2004;  Table 1 ). The species selected for study had contrasting life histories (eight annuals, two biennials and eight perennials) and represented different taxonomic groups (Poaceae, Fabaceae, Lamiales and Asteraceae; Table 1 ).
Species were grown for 9 months (from October 2007 to June 2008) in a greenhouse at the 'Centre d'Ecologie Fonctionnelle et Evolutive' in Montpellier, France (43 859 ′ N, 3 851 ′ E). Seeds (annual or biennial species) or ramets ( perennial species) were collected from a common garden experiment in which species were grown in monoculture (Hummel et al., 2007; Kazakou et al., 2009 ). Once they had reached an appropriate size, the seedlings were transplanted into 2 L pots (one plant per pot) filled with soil from the common garden experiment; this soil contained, on average, 14 . 5 g C kg
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, 1 . 4 g N kg 21 , 42 % silt, 33 % clay and 25 % sand, and it had a pH of 7 . 8. We prepared 15 -50 pots for each species, to obtain a final root dry mass of 10-15 g per species, the amount required for the decomposition experiment. Pots were watered weekly and the plants were harvested at the peak of vegetative growth (April -June, according to species). The whole root system of each individual was washed with water to remove all soil and then frozen until the decomposition experiment. Species' abbreviations (Abbrev.) correspond to the first letter of the genus name followed by the first letter of the species name. Four taxonomic groups were considered (numbered 1 -4), based on the sequences of three genes: 18S rDNA, rbcL and atpB (Soltis et al., 2000) . Taxonomic groups are (1) Poaceae; (2) Asteraceae; (3) Fabaceae and (4) Lamiales. Nomenclature follows Tutin et al. (1968 Tutin et al. ( -1980 .
Preparation of the root decomposition bags
For each species, we sorted the roots to obtain live, fine roots (diameter ,2 mm) with no sign of senescence for decomposition experiments. These roots therefore cannot be considered to constitute root litter. We used live roots because it was impossible to identify and collect large enough quantities of dead roots, particularly from perennial species. The features of living and decomposing roots form a continuum (Hobbie et al., 2010) , and most studies have reported little or no difference in nutrient content between live and dead roots (e.g. McClaugherty et al., 1982; Nambiar, 1987; Aerts, 1990; Freschet et al., 2010b) . A root sub-sample was selected for morphological analyses; the rest of the sample was carefully spread on filter paper and air-dried for 4 d. For each species, 18 air-dried root samples (500 + 0 . 1 mg) were enclosed in a nylon root decomposition bag (Northen Mesh, Oldham, UK) (12 × 8 cm, 2 mm mesh) closed with staples. We used only 14 root decomposition bags for Trifolium angustifolia and 16 for Arenaria serpillyfolia, because we were unable to collect sufficient root material to constitute 18 samples. Four additional root subsamples per species were weighed, oven dried for 48 h at 60 8C and reweighed to determine their initial root mass (Root mass,i ) and chemical composition.
Potential rate of decomposition of fine roots in microcosms
The root potential decomposition rate (root K pot ) was determined according to the protocol described by Taylor and Parkinson (1988) , as modified by Ibrahima et al. (1995) . Roots were incubated for 12 weeks in controlled conditions, in microcosms. The use of microcosms made it possible to study root decomposition under standard temperature, humidity and soil conditions, in the presence of similar decomposer populations in each case. The microcosm used consisted of a polyvinylchloride pipe, 15 cm in diameter and 15 cm high, fitted with a lid and with a sealed bottom. A grid, 2 cm above the bottom, divided the chamber into two unequal parts: a usable space with a capacity of 1 . 5 L into which we placed 1 kg of soil, and a 300 mL drainage compartment. The soil ( pH ¼ 8 . 2, C ¼ 13 . 9 g kg 21 , N ¼ 1 . 32 g kg
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, P ¼ 0 . 03 g kg
) was a 3:1 mixture of soil from the common garden experiment and the surface organic horizon. Within each microcosm, we buried a root decomposition bag horizontally in the soil, at a depth of 3 cm. The microcosms were kept in the dark at 22 + 0 . 01 8C throughout the experiment and were watered once per week to keep soil humidity at 80 % of field capacity.
Three (or two) bags per species were removed from the microcosms after 1, 2, 4, 6, 8 and 12 weeks of incubation. Each bag was opened and soil particles were carefully removed from the samples by washing roots with water in a sieve with a 0 . 2 mm mesh, to ensure that all the root fragments were retained. Washed roots were oven-dried for 48 h at 60 8C and weighed to determine the root mass remaining at each harvest (Root mass,t ). Corrections for inorganic contaminants (mostly soil particles) were made after sample combustion at 550 8C (3 h at 350 8C then 3 h at 550 8C) in a muffle furnace (LE14 Nabertherm, Lilienthal, Germany) for determination of the root biomass on an ash-free basis (Root ash-mass,t ). The percentage of the initial mass remaining after incubation (M R , %) was calculated as:
with Root mass,i the initial dry root mass at the beginning of incubation and Root ash-mass,i the initial root ash-free biomass.
For each species, the proportion of the initial mass remaining (M R , %) over time t (d) (n ¼ 18) was fitted with the single negative exponential model proposed by Olson (1963) :
where
) is the potential decomposition rate constant. For the comparison of root K pot with the leaf K pot determined for the same species in a previous study (Kazakou et al., 2009) , rate constants were multiplied by 10 3 and are expressed in g kg 21 d
.
Root traits
Determination of root chemical composition was conducted on four ground replicates per species. The C and N concentrations were determined with an elemental analyser (CHN model EA 1108; Carlo Erba Instruments, Milan, Italy). The P concentration was determined by digestion with sulfuric acid and hydrogen peroxide for 35 min at 100 8C and 2 h at 360 8C. The P concentration was determined colorimetrically, by the molybdenum blue method (Grimshaw et al., 1989) , with an autoanalyser (Evolution II, Alliance Instrument, Frépillon, France). The P concentration was determined for all species other than Arenaria serpyllifolia, for which we were unable to collect sufficient amounts of root material. The concentrations of water-soluble compounds, hemicellulose, cellulose and lignin were obtained by the Van Soest method (Van Soest, 1963) , and with a Fibersac 24 fiber analyser (Ankom, Macedon, NJ, USA).
For each species, fine root morphological traits were determined on three fresh replicates. Roots were stained with methylene blue (5 g L 21 ), to increase contrast during scanning, rinsed, spread out on a transparent sheet and scanned at a resolution of 400 dpi. A digital image analysis system (Winrhizo, version 2003b, Regent Instrument, Québec, Canada) was used to determine root length (L), volume (V, as the sum of the volumes in the different diameter classes) and diameter. Roots were then oven-dried for 48 h at 60 8C and weighed to determine their dry mass (DM). Root tissue density (g cm 23 ) was calculated as the ratio DM/V, and SRL (m g 21 ) was calculated as the ratio L/DM.
Leaf potential decomposition rate and traits
Leaf K pot and trait data were taken from Kazakou et al. (2007 Kazakou et al. ( , 2009 . Leaf traits and K pot were measured on the same species as used here for the root experiment. Plants were grown in monocultures in a common garden experiment. Litter was collected at the season of maximal leaf senescence for each species. Leaf litter K pot was determined with the same protocol as for root K pot , by incubating the litter in microcosms for 8 weeks (for more details, see Kazakou et al., 2009 ). Leaf traits were measured on green leaves harvested at peak vegetative growth, by standardized protocols (Cornelissen et al., 2003) . The SLA and LDMC, a surrogate for leaf tissue density (Garnier et al., 1999) , were calculated as the ratio of leaf area to leaf dry mass, and the ratio of dry mass to saturated fresh mass, respectively. Leaf P concentration was determined by the same method as used for root P determinations (see above). A sub-sample of leaf litter was ground and scanned with a near-infrared reflectance spectrophotometer (NIRS; NIRS systems 6500, Foss NIRSystems, Raamsdonksveer, The Netherlands), to determine litter soluble compound, cellulose, hemicellulose and lignin concentrations.
Data analyses
For all the variables measured, the distribution of values was tested for normality (Shapiro -Wilk test, a ¼ 0 . 05) and logtransformed when necessary (N, C/N and cellulose concentrations, SRL and diameter). Differences in K pot (one fitted data point per species) between life history or taxonomic groups were assessed by one-way analysis of variance (ANOVA). Differences in root traits between species, or between life history or taxonomic groups were tested by two-way ANOVA. The models included one of the two fixed factors of interest (i.e. life history or taxonomic group), with species nested within these factors. Post hoc tests [Student -Newman -Keuls (SNK) comparisons] were performed to identify significant differences between life history or taxonomic groups. We assessed the relative importance of the effects of factors on the variables measured by calculating effect sizes (h 2 ) by retrospective power analyses (Faul et al., 2007 ; at a ¼ 0 . 05, power .0 . 90 in all instances). Effect size was calculated as h 2 ¼ SS factor/(SS factor + SS residual) (Weiner et al., 1997; Cohen, 1988) , and corresponds to the proportion of the variance of the dependent variable that can be attributed to the factor concerned. Bivariate correlations between variables were evaluated by calculating Pearson's correlation coefficient. Two principal component analyses (PCAs) were carried out. The first included seven root variables: K pot and the root traits with the largest effect sizes (h 2 ) in ANOVA (N, P, soluble compounds, cellulose, SRL and diameter). The second PCA was conducted with six pairs of analogous leaf and root traits (root and leaf K pot , P, soluble compound and cellulose concentrations, SRL and SLA, root tissue density and LDMC). These variables were selected on the basis of their contribution to root or leaf K pot . One-way ANOVA was used to assess the effect of life history and taxonomic group on species axis scores.
Analyses were carried out with Statistical Analysis System (SAS Institute, Cary, NC, USA, version 8) and R software. Retrospective power analyses for ANOVA were conducted with G*Power V3 software (Faul et al., 2007) .
RESULTS
Differences in root potential decomposition rate and root traits between species and groups
The proportion of the fine root mass remaining after 12 weeks of incubation in microcosms differed significantly between species (F ¼ 59, P , 0 . 001), ranging from 6 . 6 % (Daucus carota) to 66 . 6 % (Teucrium chamaedrys; Supplementary Data Table S1 , available online). For all species, a single exponential decay model accurately fitted the data for the mass remaining over time (P , 0 . 001). The potential rate of decomposition (K pot ), which ranged from 6 . 3 g kg d ; Fig. 1, Table 2 ). All root traits differed significantly between species, life history and taxonomic groups ( Table 2 ). The most variable traits were N concentration and SRL, which varied by a factor of six between species, followed by lignin concentration (4-fold variation), P and soluble compound concentrations (3-fold variation), with the lowest level of variation observed for hemicellulose and cellulose concentrations, tissue density and diameter (2-fold variation; Supplementary Data Table  S1 ). The fine roots of annual species had high N, P, soluble compound and lignin concentrations, whereas those of perennial species had higher C/N ratios, hemicellulose and cellulose concentrations ( Table 2) . Annual species had a higher SRL and lower root diameter and tissue density than perennial species (Table 2 ). Power analysis showed that the SRL was the variable most strongly influenced by life history (h 2 ¼ 0 . 88; Table 2 ). The fine roots of the Poaceae had the highest C/N ratio, and hemicellulose and cellulose concentrations, whereas those of the Asteraceae had the highest soluble compound concentration and those of the Fabaceae the highest N concentration (Table 2) . Poaceae also had the highest root tissue density and SRL, but the lowest diameter (Table 2) . Chemical traits were the most strongly influenced by taxonomic group (0 . 89 , h 2 , 0 . 98; Table 2 ).
Relationship between root potential decomposition rate and root traits Root K pot was correlated with three chemical traits -P, soluble compound and cellulose concentrations -but it was not correlated with any of the morphological traits (Table 3) . Species with high root soluble compound and P concentrations tended to decompose faster than species with low soluble compound and P concentrations. In contrast, K pot was negatively correlated with cellulose concentration.
Chemical traits were not correlated with morphological traits, with the exception of soluble compound and cellulose concentrations, which were negatively correlated with root diameter (Table 3) . SRL was strongly negatively correlated with root diameter and tissue density (Table 3) .
The first two axes of the PCA performed with six root traits and K pot accounted for 71 . 8 % of the variance (Fig. 2) . The first PCA axis (PC1) accounted for 48 . 3 % of the variance and was defined by chemical traits and K pot : as expected from the correlation coefficients (Table 3) , it opposed traits related to K pot , P and soluble compound concentrations, and to the concentration of cellulose, a more recalcitrant compound ( Fig. 2A) . The second PCA axis (PC2), which accounted for 23 . 5 % of the variance, was a morphological axis opposing SRL and root diameter ( Fig. 2A) . Root N concentration was on the third axis. The ANOVAs performed on the two main PCA axes showed that PC1 discriminated between species from different taxonomic groups (Fig. 2B) . The Poaceae had a higher cellulose concentration but lower K pot , P and soluble compound concentrations than the Asteraceae and Fabaceae; the Lamiales gave intermediate results (SNK post hoc test, not shown). PC2 discriminated between species from different life histories (Fig. 2C) . Annual species had a higher SRL and a lower diameter than perennial species.
Relationship between root and leaf K pot and traits
On average, roots decomposed at half the rates reported for leaves, and the decomposition rates of these two organs were positively correlated (Root K pot ¼ 0 . 41(Leaf K pot ) + 4 . 22, r ¼ 0 . 55, Fig. 3 ). The only exceptions to this common pattern were Geranium rotundifolium, the roots of which decomposed at a rate one-fifth that for the leaves of the same species, and Inula conyza, the roots of which decomposed more rapidly than the leaves.
A number of pairs of analogue chemical root and leaf traits covaried. This was the case for soluble compound, hemicellulose and cellulose concentrations; SRL was also positively correlated with the analogous trait in leaves, SLA (Table 4) . The PCA conducted with six pairs of analogue root and leaf variables (Fig. 4) confirmed trait convergence for most of the pairs of root and leaf traits, because pairs of analogue root and leaf traits (soluble compound and cellulose concentrations, SRL and SLA) were closely grouped on the PCA. The overall location of variables in the multivariate space (Fig. 4) was similar to that in the PCA for root traits and K pot (Fig. 2A) . The first axis of the PCA (PC1) accounted for 45 . 5 % of the variance and opposed root and leaf K pot , soluble compound concentrations and root P concentration to root and leaf cellulose concentrations and LDMC (Fig. 4) . The second PCA axis (PC2) accounted for 18 . 9 % of the variance and corresponded principally to SRL and SLA (Fig. 4) . Root tissue density and leaf P concentration were not located on the two main axes. As in the previous root PCA, PC1 discriminated between species from different taxonomic groups (F ¼ 30 . 3; P , 0 . 001), whereas PC2 discriminated between species with different life histories (F ¼ 15 . 6; P , 0 . 01).
We investigated whether root K pot could be predicted from leaf traits, by investigating the relationship between root K pot and leaf variables (Table 4) . Root K pot was positively correlated with leaf soluble compound concentration and negatively correlated with leaf hemicellulose and cellulose concentrations and LDMC. Our results demonstrated that only chemical composition accounted for differences in fine root K pot between species. Root K pot increases with the concentration of soluble compounds in the root in both herbaceous (this study) and woody (Lemma et al., 2007; Lindedam et al., 2009; Hobbie et al., 2010) species, mostly because soluble compounds are rapidly leached and constitute a labile energy source for decomposers (Berg and Laskowski, 2006) . In contrast, K pot decreased with increasing cellulose concentration, cellulose being a more recalcitrant cell wall component. Consistent with another study on herbaceous species (Vivanco and Austin, 2006) but contrasting with recent studies on herbaceous species (Freschet et al., 2011; Aulen et al., 2012) and meta-analyses (Silver and Miya, 2001; Zhang et al., 2008) , lignin concentration did not affect root K pot . This may be explained by the narrower range of lignin concentrations in our species (6 -26 %) as compared to studies including both woody and herbaceous species (5 -50 %; Zhang et al., 2008) , or by the short period of decomposition experienced (12 weeks). Lignin has indeed been reported to affect decomposition rates in the longer term (Heal et al., 1997) . In this study, K pot was correlated with P concentration, but not with N concentration or C/N ratio, in contrast to previous reports (Jensen, 1929 , cited by Heal et al., 1997 Silver and Miya, 2001; Zhang et al., 2008) . This probably reflects the presence of limited concentrations of P in the soil (N/P ¼ 39), leading soil micro-organisms to have a preference for species with high root P concentrations.
Contrary to our initial hypothesis, morphological traits did not explain differences in decomposition rate between species. For instance, two species with similar root potential decomposition rates (Arenaria serpillyfolia and Rubia peregrina) had very different morphological traits: A. serpillyfolia had the highest SRL and the lowest root tissue density and root diameter, whereas R. peregrina has the lowest SRL and the highest root tissue density. The absence of an effect of SRL on K pot was surprising, because a high SRL maximizes the surface area for exchange between roots and decomposers, which has been shown to Table 2 . *P , 0 . 05; **P , 0 . 01; ***P , 0 . 001; ns, non-significant; ns, marginally significant results (0 . 05 , P , 0 . 10).
facilitate decomposition (Wardle et al., 1998) . However, this hypothesis has not been demonstrated, either in tree species (Hobbie et al., 2010; Aulen et al., 2012) or in the herbaceous species studied here, despite the large differences in SRL between species (130 -653 m g
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). Similarly, root diameter Principal component analysis of root traits and potential decomposition rates for the 18 species studied. Projection of variables (A) and species as a function of taxonomic group (B) and life history (C). Abbreviations for root traits: K pot , root potential decomposition rate; N, nitrogen concentration; P, phosphorus concentration; Soluble, water-soluble compound concentration; Cellulose, cellulose concentration; SRL, specific root length. For species' abbreviations, see Table 1 . F-and P-values from ANOVAs evaluating the effects of taxonomic group and life history on species' axis scores (PC1 and PC2) are given in (B) and (C), respectively. ***P , 0 . 001; ns, non-significant. Relationship between root and leaf potential decomposition rates (K pot ); the 1:1 ratio is indicated. Each point represents a species; for abbreviations see Table 1 . r is the Pearson's correlation coefficient for the relationship between root and leaf potential decomposition rates (*P , 0 . 05). The leaf trait data were obtained from Kazakou et al. (2009) . The analogous root traits are: root K pot ; root N concentration; root P concentration; root C/N ratio; water-soluble compound concentration; hemicellulose, cellulose and lignin concentrations, root tissue density and specific root length (SRL). LDMC, leaf dry matter content; SLA, specific leaf area.
r is Pearson's correlation coefficient, *P , 0 . 05; **P , 0 . 01; ***P , 0 . 001; ns, non-significant. and tissue density had no effect on K pot , despite these traits being related to toughness and being expected to increase the proportion of resistant compounds (Fitter, 1985) and hence the time required for penetration by fungal hyphae (Foster and Lang, 1982; Berg, 1984) . Consistent with our findings, root decomposition has been shown to be unrelated to the root density of 11 species (Freschet et al., 2011) , and to decrease only when root diameter is .5 mm (Silver and Miya, 2001) . The lack of correspondence between K pot and morphology may result from the use of bulk fine roots (,2 mm) from young plants (9 months old) in particular for perennials which were in their first year of growth. This would have limited the range of variation, particularly for root diameter and tissue density (0 . 21-0 . 34 mm and 0 . 067-0 . 143 g cm 23 , respectively), resulting in lower levels of variation than reported in previous studies in which traits were measured on whole-root systems on adult plants (Roumet et al., 2006) . Furthermore, morphological data may be biased due to differences between species in the relative contribution of different root orders that are known to differ in morphology (Pregitzer et al., 2002; Withington et al., 2006; Goebel et al., 2011) .
Our results suggest that decomposer activity is more strongly influenced by the chemical composition than by the morphology of fine roots. However, the consistency of these results should be tested on a larger number of species, to provide a wider range of morphological and chemical traits.
Fine root K pot is not involved in the acquisition -conservation trade-off Root decomposition rates differed between taxonomic groups, but not between annual and perennial species. PCA revealed the existence of two independent root trait patterns between these groups. The first pattern discriminated between taxonomic groups and was associated with K pot and chemical traits (Fig. 2) . Poaceae roots decomposed 2 . 6 times more slowly than Asteraceae roots and 1 . 9 times more slowly than Fabaceae roots. This slower decomposition can be accounted for by their higher cellulose concentration and lower N, P and soluble compound concentrations than other dicots. The unique status of the Poaceae may also reflect their particular architecture (fasciculate, herringbone root system) and anatomy, characterized by a high structural investment in recalcitrant tissue, such as lignified xylem rings (Lindedam et al., 2009) , and their high proportion of xylem (Wahl and Ryser, 2000; Hummel et al., 2007) . In contrast Fabaceae showed the highest N concentration and diameter of roots, probably owing to their symbiotic association with N-fixing bacteria which had been reported to lead to a high tissue N concentration (Gebauer et al., 1988; Del Pozo et al., 2000) and is supposed to require less investment in root foraging by fine roots. The second pattern discriminated between species with different life histories and was associated with morphological traits. Annual species, occurring in disturbed, fertile habitats, had a high SRL, this trait being related to resource acquisition and foraging (Reich et al., 1998; Hodge, 2004) , as it maximizes the area for exchange with soil, thereby providing rapid access to mineral resources. In contrast, perennial species had coarse, dense roots, these two traits being associated with resource conservation and reflecting adaptation to infertile habitats. Annuals also produced roots that were richer in N, P and soluble compounds than perennials. However, these differences were smaller than those between taxonomic groups. As reported in previous studies comparing species chemical and morphological traits of leaves (Garnier, 1992) and roots (Roumet et al., 2006) , we found that annuals had a greater resource acquisition strategy than perennials. However, this study show that this did not lead to more rapid root decomposition, because the morphological traits involved in nutrient acquisition did not influence the rate of decomposition (see above). Similarly, a recent study on 11 species demonstrated that the fine root economics spectrum did not drive root decomposability (Freschet et al., 2011) . The decomposition rate of roots therefore cannot be considered to be involved in the acquisition -conservation trade-off as suggested by conceptual frameworks (Wardle et al., 2004) and by results for leaves showing that the potential rate of leaf decomposition of a species is consistently correlated with the ecological strategy of that species (Cornwell et al., 2008) .
Co-ordinated variation of root and leaf traits
Root and leaf potential decomposition rates have seldom been investigated together, on the same species, with respect to other root and leaf traits. In this study, we provide the first demonstration that root and leaf K pot are positively correlated in herbaceous species. We also show that the rate of decomposition of roots is about half that of leaves. There is a correspondence between leaf and root K pot values because traits influencing root decomposition, such as soluble compound, cellulose and P concentrations, also influence leaf decomposition (Kazakou et al., 2009 ). In addition, root and leaf K pot values have similar regression relationships with the concentrations of cellulose (r ¼ -0 . 60, P , 0 . 001, n ¼ 34) and soluble compounds (r ¼ 0 . 72, P , 0 . 001, n ¼ 32 decomposition rates of fine roots, which have a higher cellulose and lower soluble compound concentration than of leaves, and confirms previous findings of lower rates of decomposition for fine roots than for leaves (see Vivanco and Austin, 2006; Lemma et al., 2007; Wang et al., 2010) . Other traits had different effects on root and leaf K pot : tissue density did not affect root decomposition, whereas LDMC, a surrogate for leaf density, has been reported to be a strong determinant of leaf K pot (Kazakou et al., 2006 (Kazakou et al., , 2009 . A consideration of root and leaf decomposition together with root and leaf traits demonstrated that root traits and leaf traits displayed similar patterns. We found consistent patterns for pairs of analogous root and leaf traits. Five of the ten pairs of analogous root and leaf traits examined covaried ( potential decomposition rate, cellulose, hemicellulose and soluble compound concentrations, and SRL/SLA), resulting in similar trade-offs and groupings of species. This suggests that evolutionary and habitat constraints have similar effects above-and below-ground, with potential major and cumulative implications for ecosystem processes. These results contrast with those reported for 11 temperate trees (Hobbie et al., 2010a) , showing a lack of correspondence between root and leaf chemical traits and potential decomposition rates. Differences in trait patterns between herbaceous and woody species might reflect the differences in plant size (Freschet et al., 2010a) or mycorrhizal status (Hobbie et al., 2010) , both of which influence the decomposition rate (Cornelissen et al., 2001 ) and root traits (Zangaro et al., 2008) . Our results also demonstrate that root K pot can be predicted from leaf traits, such as leaf soluble compound, hemicellulose and cellulose concentrations and LDMC (Table 4 ). This finding, like those of Freschet et al. (2010a) , suggests it may be possible to predict below-ground functions from much more accessible, and easier to measure, above-ground traits.
This study suggests that, in herbaceous species, the potential rate of fine root decomposition depends on root chemical composition rather than root morphology. It is also heavily dependent on taxonomic group, with the Poaceae decomposing more slowly than dicots. These patterns observed at the root level were found to be conserved and accentuated when leaf traits and potential decomposition rate were also considered, suggesting a consistency of the pattern at the whole-plant scale. These results may have important implications for studies of the effects of changes in biodiversity on ecosystem processes. Potential shifts in the relative abundance of plant species or in the distribution of traits in response to anthropogenic changes may have a major effect on the decomposition of both roots and leaves, thereby also strongly affecting nutrient and C cycling. For example, an increase in the predominance of Poaceae species would lead to lower rates of decomposition and an impoverishment of the ecosystem due to lower levels of nutrient restitution. Conversely, it might also lead to an increase in soil carbon storage.
SUPPLEMENTARY DATA
Supplementary data are available online at www.aob.oxfordjournals.org and consist of Table S1 : means (+ s.e.) of root potential decomposition rate (K pot ) and traits measured on 18 herbaceous species.
